One contribution of 11 to a discussion meeting issue 'The promises of gravitational-wave astronomy' . Gravitational waves are detected by measuring length changes between mirrors in the arms of kilometrelong Michelson interferometers. Brownian thermal noise arising from thermal vibrations of the mirrors can limit the sensitivity to distance changes between the mirrors, and, therefore, the ability to measure gravitational-wave signals. Thermal noise arising from the highly reflective mirror coatings will limit the sensitivity both of current detectors (when they reach design performance) and of planned future detectors. Therefore, the development of coatings with low thermal noise, which at the same time meet strict optical requirements, is of great importance. This article gives an overview of the current status of coatings and of the different approaches for coating improvement.
Introduction
Since 2015 several gravitational-wave signals have been detected by the Advanced LIGO 1 (aLIGO) and Advanced Virgo gravitational-wave detectors [1] [2] [3] [4] [5] .
Gravitational waves cause extremely small distance changes-so small that typical gravitational waves rsta.royalsocietypublishing. 10 10 2 frequency (Hz) 10 3 Figure 1 . Design sensitivity of aLIGO simulated using a gravitational wave interferometer noise calculator (GWINC) (https://de.mathworks.com/company/newsletters/articles/confirming-the-first-ever-detection-of-gravitationalwaves-by-analyzing-laser-interferometer-data.html): the black curve shows the total noise curve of the detector resulting from several of the different contributing noise sources shown in different colours. In the most sensitive part of the detection band between a few tens of hertz and a few hundreds of hertz, the detector will be limited by quantum noise (purple) and by coating thermal noise (red), which is a frequency-dependent noise source.
arriving on Earth cause changes comparable to changing the distance between the Earth and the Sun by less than the diameter of an atom. To detect gravitational waves, highly sensitive interferometers have been developed, which precisely measure the distance between suspended test masses coated to serve as highly reflective mirrors.
Thermal noise is a random vibration of a material's atoms and molecules due to its intrinsic temperature. Consequently, the mirrors forming the resonators in the arms of the gravitationalwave detectors vibrate due to thermal noise, and this can be shown to be dominated by the micrometre-thin coatings. This vibration translates into a movement of the mirrors' surfaces resulting in length changes of the detector arms, which limits our ability to see length changes due to gravitational waves. Figure 1 shows the expected noise sources of aLIGO once it has reached design sensitivity [6, 7] . In the most sensitive part of the detection band, thermal noise of the highly reflective mirror coatings shown by the red line limits the sensitivity of the detector, together with quantum noise [8] . A detailed description of the development and characterization of the coatings used in aLIGO and in Advanced Virgo is given by Granata et al. [9] . This article will give an overview of the parameters determining thermal noise of the mirror coatings and how these parameters can be changed and optimized to reduce coating thermal noise. In order to understand how to optimize coatings, the principle of how coatings work will be explained and an overview of currently used and potential future coating materials will be given.
Coating thermal noise
The coating thermal noise power spectral density can be described by with k B being the Boltzmann constant, T the mirror temperature, Y the Young's modulus of the coating and substrate materials, d the coating thickness, w the radius of the laser beam on the coating, and φ and φ ⊥ the mechanical losses of the coating parallel and perpendicular to the coating layers [10] . A more complete model, in which the mechanical loss of each coating material is decomposed into losses associated with shear motion and with bulk motion, uses flexural (bulk) and shear loss instead of parallel and perpendicular loss [11, 12] . However, this usually results in a very small correction factor, so, for ease of comparison with the existing body of thermal noise literature, the older model is used here.
Thermal noise is an effect depending on the frequency f becoming more significant towards low frequencies. Gravitational-wave detection is sensitive to amplitude changes, not to intensity changes, which is why we chose to plot the amplitude spectral density of the thermal noise S x (f ).
(a) The laser beam diameter Thermal noise, S x (f ), is proportional to 1/w with w being the beam diameter on the mirror surface, which means that thermal noise is reduced when averaging over a larger surface area. The laser beam has a Gaussian distribution with the radius being defined as the distance from the centre of the beam at which the intensity is decreased to 1/e 2 ≈ 13.5%. The mirror diameter is chosen to be approximately 3 × w to minimize optical losses due to the outer parts of the beam being outside the mirror.
The aLIGO mirrors are made of fused silica with a diameter of 34 cm, a thickness of 40 cm and a mass of 20 kg [6] , as shown in figure 2 , with a beam radius of 6.2 cm on the end mirrors of the interferometer arms [7] . For future gravitational-wave detectors, an increase in beam diameter is planned, e.g. the Einstein Telescope is being planned to have a diameter between 45 cm and 62 cm [13] . The pink dotted line in figure 2 shows a diameter of about 50 cm resulting in a possible beam diameter increase and consequently a sensitivity increase by a factor of about √ 2. From the perspective of material development, the restrictions on the mirror size are the availability of large substrates and the ability to produce large-scale coatings with the required homogeneity. 
(b) Coating thickness
The thickness of the coating depends on the reflectivity required and on the refractive index of the coating materials. Highly reflective coatings are made of alternating layers of two materials with different refractive indices. The reflectivity of the coating maximizes (for a minimum number of layers) when the layers have an optical thickness of refractive index n multiplied by the geometric thickness t of a quarter of a wavelength λ and the layer on top of the coating is made of the material with higher refractive index. Note that in reality there are often reasons for using a more complicated coating design; for example, the aLIGO design differs from ideal quarterwavelength-thick layers to achieve a certain reflectivity at two wavelengths. By adjusting the thickness of the layers, thermal noise can also be reduced [14, 15] . An approximation of the (intensity) reflectivity R of a coating in air or vacuum made of two materials with refractive index n H and n L on a substrate with refractive index n S can be made using [16] 
A combination of one low and one high refractive layer is also called a bilayer so that R is a function of N, with N being the number of bilayers and 2N the number of single layers for an even number of layers (equation (2.2) 1 ). For an uneven number of layers, 2N + 1, the equation changes into equation (2.2) 2 . These equations also show that R increases for an increasing ratio n H /n L and, therefore, that for a larger n H /n L fewer bilayers are required to achieve a certain R. Figure 3a shows a multi-layer coating made of 2N + 1 = 13 alternating layers of SiO 2 (n L = 1.5, blue) and Ta 2 O 5 (n H = 2.05, green) on a fused silica substrate (n S = 1.5, blue). The dark blue line shows the laser light intensity for a light field coming from the left. Using equation (2.2), this results in a reflectivity of R = 96.69%. Figure 3b shows the reflectivity of the coating as a function of wavelength calculated using (https://github.com/sestei/dielectric) based on beam transfer matrix formalism. This more accurate way to calculate the reflectivity also results in R = 96.66% at the design wavelength of 1550 nm.
While the refractive indices of the coating materials determine the coating thickness, the possible variations in thickness are small compared with the effect other properties such as mechanical loss or optical absorption (discussed in the following sections) can have on the coating performance.
(c) Mechanical loss of the coating materials
Mechanical loss is related to the atomic-scale structure of the amorphous coating materials and significant research is focused on understanding the microscopic mechanisms responsible for the mechanical loss. For example, it appears that changes in the medium range atomic ordering in Ta 2 O 5 are strongly correlated with changes in the mechanical loss [17] . Computational atomic modelling studies have begun to obtain good agreement with experimental measurements [18, 19] .
Thermal noise, S x (f ), is proportional to the square root of the mechanical loss φ, which is a material property. Mechanical loss, or internal friction, is the phase lag between a stress applied to a material and the resulting strain. For a resonant system, the mechanical loss is the inverse of the quality factor of the resonance and how much of the energy stored in a vibrational mode is dissipated with each cycle of oscillation. A detailed derivation of coating thermal noise showing its relationship to mechanical loss is given by Harry et al. [10] and Levin [20] . 
(d) Temperature of the test-mass mirror
Reducing the test-mass temperature is, in principle, a straightforward way to reduce coating thermal noise. The Japanese detector KAGRA will be the first cryogenically operated detector with a target temperature of about 20 K [27] . Future detectors, such as the Einstein Telescope and LIGO Voyager, are also planning to operate at low temperatures [13, 28] .
Fused silica, the currently used test-mass substrate material, has a very low mechanical loss at room temperature, which increases by several orders of magnitude at cryogenic temperatures [29] . The resulting thermal noise at low temperatures would be higher than at room temperature due to the mechanical loss increase. Alternative materials with a low mechanical loss at low temperatures are sapphire or crystalline silicon. KAGRA uses sapphire, which is transparent at a wavelength of 1064 nm. For the Einstein Telescope and for upgrades to aLIGO, silicon is planned to be used. Silicon shows properties that gravitational-wave detectors will benefit from, such as a very high thermal conductivity and zero thermal expansion at 18 K and at 120 K, which makes these temperatures very interesting due to low thermo-elastic noise [30] . Silicon is not transparent at 1064 nm. Therefore, silicon test masses require a change in wavelength to greater than or equal to 1450 nm to keep optical absorption low. Of particular interest is the telecommunication wavelength of 1550 nm due to available high-power lasers and optical components. Note that a wavelength change results in a changed coating thickness.
A temperature reduction from 290 K to 20 K would reduce coating thermal noise by a factor of √ 290/20 ≈ 4, if the parameters remain unchanged. As table 1 shows, the mechanical loss of SiO 2 and Ti:Ta 2 O 5 increases when the materials are cooled (see §2c). As a consequence, coating thermal noise improves less than expected from the temperature reduction and cooling the test masses to 20 K would result in a thermal noise decrease by a factor of only about 2. Figure 4 shows the thermal noise improvement when cooling the coatings compared with the theoretical improvement which could be achieved from cooling, if mechanical loss remained at its room temperature value. While coating thermal noise still benefits from cooling SiO 2 and Ti:Ta 2 O 5 , the improvement is not sufficient for the requirements of future gravitational-wave detectors. Cryogenic mechanical loss measurements on SiO 2 and Ta 2 O 5 multi-layer coatings confirm a too high mechanical loss for future gravitational-wave detectors [33] .
(e) Optical absorption
The optical absorption is not related to coating thermal noise, but forms an important restriction for material selection. The requirement on the optical absorption of a highly reflective multi-layer coating for current and future detectors is of the order of ppm (10 −6 ) [7, 13] .
For current detectors operated at room temperature, the main issue with coating (and substrate) absorption is heating of the fused silica test masses with the profile of the Gaussian laser beam. Owing to a low thermal conductivity, thermal lensing, which is a thermal expansion of the substrate (a th ) and a change of the refractive index with temperature (dn/dT), forms a so-called thermal lens that causes beam distortions.
Crystalline silicon is considered to be a substrate material for cryogenically operated detectors because of a low mechanical loss at low temperatures. Silicon has a very high thermal conductivity. Therefore, thermal lensing due to optical absorption is less of an issue than for room temperature detectors. However, optical absorption increases the test-mass temperature.
In vacuum and at low temperature, the only option to cool the test masses is through the very thin mirror suspensions [34] . Therefore, optical absorption has to be minimized to maintain the low temperature of the test masses.
Coatings and coating materials (a) Current coating materials
SiO 2 and Ti:Ta 2 O 5 are the coating materials that are currently used in gravitational-wave detectors. The deposition method used is IBS. While the optical absorption of these coatings is very low [35] , the mechanical loss has been under continuous investigation since the early 2000s [26] . In 2006, it was found that the mechanical loss reduces by 40% when doping Ta 2 O 5 with 22.5% TiO 2 [36] . Therefore, aLIGO and Advanced Virgo use Ti:Ta 2 O 5 in combination with SiO 2 , while the initial detectors used undoped Ta 2 O 5 .
The room temperature mechanical loss of (undoped) Ta 2 O 5 deposited via IBS decreases with heat treatment at temperatures of up to 600 • C, while for heat treatment at higher temperatures cryogenic mechanical loss peaks develop [37] .
As described in §2b, in the simplest case, the coating layers in a highly reflective coating are each a quarter of a wavelength in optical thickness. Such a design achieves the highest reflectivity with a minimum number of layers and therefore minimal coating thickness, but, in the case of an unequal thermal noise contribution of the two materials (e.g. for SiO 2 and Ti:Ta 2 O 5 ), thermal noise can benefit from an optimized design with a higher content of the low mechanical loss material [14, 15] .
(b) Amorphous silicon: an amorphous high-index alternative
Amorphous silicon (a-Si) has a low mechanical loss [38] , which decreases towards low temperatures (table 1). The very high refractive index of a-Si of between 3.5 and 4.0 (varying with deposition parameters) would reduce the number of layers required to achieve high reflectivity and the thickness of the layers. The high refractive index makes a-Si a possible replacement material for Ti:Ta 2 O 5 . A coating made of a-Si and SiO 2 would reduce coating thermal noise by a factor of 2 compared with SiO 2 and Ti:Ta 2 O 5 at 20 K due to the lower mechanical loss and the reduction in coating thickness. However, the optical absorption of a-Si at 1550 nm has been shown to be about 1000 ppm for a highly reflective a-Si/SiO 2 coating and therefore too high for application in gravitational-wave detectors. There has been a lot of research into absorption reduction of a-Si over past years and is still ongoing.
-It has been shown that commercial a-Si coatings produced with the IBS method (deposition method used for SiO 2 and Ti:Ta 2 O 5 coatings in current GW detectors) show high optical absorption at 1550 nm of the order of up to a few per cent at 1550 nm in an as-deposited state [39, 40] . -Coatings produced with different deposition techniques show different optical absorption in an as-deposited state. Coatings produced with the ion plating procedure [41] have a significantly lower optical absorption after deposition than those deposited via IBS [40] of about 1000 ppm [42] . -The optical absorption significantly reduces (by ≈ 80%) with heat treatment showing a minimum at a certain temperature [40] , which varies between 400 • C and 500 • C for different vendors and deposition methods. -The optical absorption of a-Si at 1064 nm is significantly higher than that at 1550 nm [40] .
The exact factor varies for coatings from different vendors and depends on parameters such as heat treatment. -The optical absorption of IBS coatings has been shown to reduce by nearly a factor of 2 when cooling the mirror [40] . -Recent results indicate significant absorption reduction to be possible when using a higher wavelength [43] and when optimizing the deposition procedure [44] .
It has been shown that elevated temperature deposition can significantly reduce the mechanical loss of a-Si compared with the usual procedure of deposition at, or slightly above, room temperature and post-deposition annealing [45] . This is thought to be an example of forming an 'ideal glass' [46] . In such a material, the atoms are arranged in a low-energy configuration resulting in a low mechanical loss. To realize such a configuration, the material has to be deposited extremely slowly or, alternatively, at a high substrate temperature to provide energy for the atoms to rearrange until the next layer of atoms is deposited. The effect of deposition at high temperatures on the optical absorption of a-Si is currently under investigation.
(c) Silicon nitride: an amorphous low-index alternative
Thermal noise of an a-Si/SiO 2 coating at low temperature would be dominated by the mechanical loss of the SiO 2 layers. The high refractive index of a-Si allows the possible use of a wide range of materials as the lower refractive index partner material in the coating. One option is silicon nitride (SiN x , where x indicates varying stoichiometry), which also has very low mechanical loss at low temperatures (table 1) [23] . Based on the literature values for mechanical loss, and on the required thickness for such a coating, the thermal noise of an a-Si and SiN coating is likely to be more than an order of magnitude below the thermal noise of a SiO 2 and Ti:Ta 2 O 5 coating at 20 K.
Detailed investigations of SiN deposited via plasma-enhanced chemical vapour deposition (PECVD) have shown that the exact material composition has a strong effect on the material properties, e.g. on the optical absorption, the refractive index and the mechanical loss [47] , with evidence of lower mechanical losses than current GW-coating materials at room temperature and at low temperature down to 10 K [48, 49] . The optical absorption of a SiN/SiO 2 is similar to the best a-Si/SiO 2 [47, 50] 
(d) Multi-material coatings
An option to use too high absorbing materials in a coating to exploit their low mechanical loss is through multi-material coatings [51, 52] , in which more than two materials are combined. In these designs, materials with low mechanical loss but high optical absorption are used in lower coating layers, in which the laser power is reduced, to keep the total optical absorption low. The lower the optical absorption, the closer to the top of the coating a material can be used. Figure 5a shows an example of a SiO 2 and Ti:Ta 2 O 5 coating with high reflectivity (about 5 ppm transmission). Such a coating has been measured to have an optical absorption of 1.7 ppm at 1550 nm [51] .
For the refractive indices of SiO 2 and Ti:Ta 2 O 5 , the incident laser power reduces by almost exactly 50% after each bilayer, so that after eight bilayers (0.5) 8 ≈ 0.4% of the incident power is left. In figure 5b, after the first eight bilayers, the Ti:Ta 2 O 5 layers are replaced by low mechanical loss, but high absorbing a-Si. Assuming the high optical absorption of the early a-Si/SiO 2 coatings of 1000 ppm, these 1000 ppm would be reduced to 0.4% of 1000 ppm = 4 ppm due to the SiO 2 and Ti:Ta 2 O 5 layers on top. Therefore, the total coating absorption would be (1.7 + 4) ppm = 5.7 ppm, while the coating would benefit from the low mechanical loss of the a-Si layers and, even more, from the high refractive index, which makes it possible to use a much smaller total number of layers than in a 'pure' SiO 2 and Ti:Ta 2 O 5 coating. At 20 K, this coating would reduce thermal noise by 20%.
In the example of SiO 2 and Ti:Ta 2 O 5 with a power reduction of 50% per bilayer, it is easy to see that, with each absorption reduction by a factor of 2 in the a-Si part of the coating, one fewer bilayer of SiO 2 and Ti:Ta 2 O 5 is needed to keep the optical absorption low.
This idea can be extended to using even more than three materials [50] or to concentrating on improving the top layer of the coating [53] . (e) Nano-layer coatings: a way to adjust the crystallization temperature
The concept of nano-layers divides a single layer inside a multi-layer coating into a sub-structure of much thinner layers (the refractive index of the layer is then an average of the refractive indices of the two materials weighted with their thickness). Substructures of up to 19 sub-layers of TiO 2 and SiO 2 forming one quarter-wave layer have been tested with a thickness of less than 10 nm per sub-layer [54] . Such a sub-structure can prevent the material from crystallizing due to heat treatment. In the example of TiO 2 , the crystallization temperature has been increased by more than 50 • C (from 250 • C to > 300 • C) due to the SiO 2 layers.
Nano-layers may allow the benefits from possible improvements in optical absorption and/or mechanical loss at higher heat treatment temperatures than usually possible due to polycrystalline structures forming, which cause an optical absorption and mechanical loss increase and high optical scattering.
A possible adjustment of the crystallization temperature is of particular interest for multi-layer coatings made of two or even more materials as the optimum heat treatment temperature varies for different materials, and optimum treatment for each of the materials is currently often not easily possible. A good example is an a-Si and SiO 2 coating in which the a-Si component ideally needs heat treatment at about 450 • C to minimize the optical absorption, while the mechanical loss of SiO 2 reduces up to 600 • C.
(f) Crystalline coatings
Many amorphous materials show characteristic mechanical loss peaks at low temperatures associated with their disordered structure [29, 55, 56] , while, by contrast, crystalline materials can show much lower mechanical loss at low temperatures. It is possible to epitaxially grow monocrystalline highly reflective multi-layer coatings. However, to grow a mono-crystalline coating, the lattice structures and constants of the substrate material and of the two coating materials have to be matched. Two combinations have been investigated within the gravitational-wave community over the past years: GaAs/AlGaAs [57] and GaP/AlGaP [58] [59] [60] .
(i) GaAs/AlGaAs
A system made of AlGaAs and GaAs layers can be grown on GaAs wafers. The mechanical loss of such a coating is about 5.4 × 10 −6 at 20 K [61] and the thickness of a highly reflective coating is about 9.6 µm instead of 6.8 µm for SiO 2 and Ti:Ta 2 O 5 . The resulting thermal noise is about 10 times lower than that for an equivalent SiO 2 and Ti:Ta 2 O 5 coating.
The optical absorption of AlGaAs has been shown to be homogeneous and linear within the intensity range of interest for gravitational-wave detectors [62] , and over recent years there has been an absorption improvement [62, 63] , which makes AlGaAs an attractive option for use in experiments with strict optical and mechanical requirements.
GaAs is not a suitable substrate material for most of these applications, but a substrate transfer procedure to substrates made of silicon or fused silica has been developed. The drawback for the use of AlGaAs coatings in future gravitational-wave detectors is the maximum available size of the GaAs wafers to grow the coatings on, which is currently limited to about 20 cm. The development of larger GaAs substrates or an alternative suitable substrate material would be required to produce AlGaAs coatings in the sizes planned for future gravitational-wave detectors [63] .
(ii) GaP/AlGaP
Crystalline coatings made of GaP and AlGaP are an interesting alternative to AlGaAs as they can be grown on crystalline silicon [58] [59] [60] . This would solve the size problem for gravitational-wave detectors and make even the substrate transfer, which involves a bonding procedure, unnecessary. The mechanical loss of a GaP/AlGaP multi-layer coating has been shown to be 2.5 × 10 −5 (on An initial coating had a high absorption of 2.3% [64] . The history of AlGaAs has shown significant reduction in optical absorption by reducing impurities in the coating materials. Therefore, there might be scope for significant improvement of GaP. Further development of GaP coatings is planned. Figure 6 shows an overview of the materials discussed in this article. The plot shows the displacement noise of the highly reflective-coated end mirrors in the detector's arm cavities. 2 -The blue (top) line shows the thermal noise performance of the coatings made of SiO 2 and Ti:Ta 2 O 5 currently used in aLIGO at room temperature, on a SiO 2 substrate and for the currently used beam radius of 6 cm. Such coatings show low optical absorption of less than 0.5 ppm and, in theory, can be upscaled to the size required by future gravitationalwave detector designs. -The red line marked with X's shows the theoretical thermal noise performance, reduced by a factor of 6 compared with room temperature, of these coatings when cooling them to 20 K assuming their material properties were to remain unchanged at their room temperature values. For this case (and all cryogenic calculations in this figure) , a silicon substrate and a beam diameter of 9 cm were used such as planned in design for future gravitational-wave detectors. -The real thermal noise is shown by the black line (short dashes, second from the top) as the material properties do change with cooling in a way that the mechanical loss increases significantly. Thermal noise still improves by more than a factor of 2 compared with room temperature, but this is too small an improvement for future gravitational-wave detectors, meaning a significant limitation due to thermal noise in the most sensitive part of the detection band. -Replacing Ti:Ta 2 O 5 by a-Si would reduce thermal noise by another factor of 2, resulting in the purple (dotted) line. Such a coating would have a too high optical absorption due to the a-Si, but current research concentrates on absorption reduction. An (additional) option to keep the optical absorption low would be a multi-material coating in which only a few of the Ti:Ta 2 O 5 layers are replaced by a-Si. The number of replaced layers and the achievable thermal noise reduction is a trade-off between thermal noise reduction and tolerable optical absorption. -Replacing Ti:Ta 2 O 5 by a-Si would make coating thermal noise to be limited by the mechanical loss of the SiO 2 in the coating. SiN would be an option for a low-index material in combination with a-Si. The optical absorption of SiN is negligible compared with the absorption in a-Si. Thermal noise of such a coating would be more than an order of magnitude lower than that of a cooled aLIGO coating shown by the green line (long dashes, bottom). -Crystalline coatings are an interesting alternative to amorphous coatings with AlGaAs showing a coating thermal noise very similar to a-Si/SiN (orange triangles, second from the bottom), while even the optical absorption of AlGaAs would be within the requirements for use in gravitational-wave detectors. The size of AlGaAs coatings is currently limited to a maximum of about 20 cm due to the availability of GaAs wafers to grow the coatings on, which is about a factor of 2.5 too small for future gravitational-wave detectors. -Another crystalline option is GaP, shown by the light blue (dashes and dots, third from the bottom) line. A factor of 4 in thermal noise decrease compared with a cooled aLIGO coating makes GaP a very attractive material, in particular as GaP can theoretically be upscaled to the required sizes as it can be grown on Si. However, further research into absorption reduction will be required to make GaP suitable for application in future detectors.
Conclusion
This article gives an overview of the main options currently being investigated to find a way to reduce coating thermal noise in future gravitational-wave detectors. This continues to be an active area of research. It seems likely that one of these options, or a combination of several, will contribute to the reduction of coating thermal noise in future detectors, but there may also be further, different approaches possible.
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